Abstract: Development efforts to reduce pollutants such as NOx and CO produced by fossil-fuelled systems such as gas turbine engines have become a necessity. The realisation of these efforts in conceptual and detailed design phases before production is very important in terms of reducing the time and costs of the projects. In spite of rapid computer technology development, it is still a difficult and time-consuming process to calculate the minor chemical species such as NOx and CO which are released during the combustion process. In this study, a methodology is proposed to predict the emissions of a reverse flow combustor of a 1000 horsepower turbo-shaft helicopter engine in the design process. In this methodology, the temperature and mass flow values are obtained by computational fluid dynamics (CFD) simulations and the CRN model is constructed by using these values. A MATLAB based tool was developed for chemical reactor network (CRN) modelling. And obtained results were compared with empirical correlations. He is also a combustion CFD engineer at TEI (TUSAŞ) Engine Industries, Inc.). He has been involved in projects related to emissions modelling, combustion CFD in gas turbine engines. He is currently involved in several projects about gas turbine engines in TEI.
Introduction
Increasing air pollution by air transportation and various restrictions on enforcement by governments has forced designers to develop more clean and efficient engines for aircrafts and helicopters. Gas turbine engine which is the power generation centre of most of the air vehicles is one of the main challenges for an engineer for a long time. While designers aim to achieve maximum performance, environmental effects must also be taken into the consideration at the design stage. Therefore, the prediction and controlling of emission in the combustor are become one of the most important parts of gas turbine design.
Carbon monoxide (CO) and nitrogen oxide (NOx) are the major combustion pollutant emissions for gas turbine engines. While high-temperature combustion is lead to increase of NOx, low combustion efficiency causes to increase of CO emission. Besides, small changes in design and input parameters such as inlet temperature (T3), inlet pressure (P3) and air/fuel ratio can also significantly change the level of exhaust emission. For this reason, detailed knowledge of NOx and CO formation is highly required for a low-level emission combustor.
The complexity of long reaction mechanism creates severe time penalties for detail combustion CFD simulations (Falcitelli et al., 2002a) . Chemical reactor networking (CRN) is an alternative and time-saving approach to simulate combustion in the combustor. In this method, combustion can be modelled via simplified chemical reactors with detail chemistry mechanism.
The main goal of this research is to estimate the concentration of minor species such as NOx and CO in a turbo shaft engine reverse flow combustor. The current study aims to take the advantage of CFD simulation to obtain flow field information (such as temperature, velocity and density) and used this information into a CRN model solver which simultaneously solves the underlying governing equations. With this simplification, the simultaneous solution of the equations in a purely chemical kinetics solver with no turbulent and flow effects shall enhance the solution time by several orders of magnitude.
The modelling of the combustor with CRN method was firstly described by Bragg (1953) . He modelled a gas turbine combustor as an association of a perfectly stirred reactor (PSR) followed by a plug flow reactor (PFR). Novosselov et al. (2006) also employed a CRN for NOx and CO emissions prediction of the lean premixed gas turbine combustor. Allaire (2006) used a physics-based emission model by using of unmixedness parameter and divided combustor to zones in his research thesis. Mavris (2010) also made a research to develop an emissions prediction procedure for use in the conceptual design phase. His approach is to use simplified physics-based models to bridge the gap between the empirical and high fidelity approaches.
Alternatively, Falcitelli et al. (2002b) generated a systematic approach for CRN creation with based on three dimensional CFD simulation coupled to a post processor which yields reactor networks, extracted from 3D fields, as 'equivalent' simplified flow models for which it is possible to use a detailed reaction kinetics. Similarly, Ghazi-Hesami (2009) similarly developed an algorithm to create reactor network model based on CFD predictions of an industrial RB211 combustor.
The most of the CRN modelling studies in the literature are usually were done for axis symmetric combustors which have the same temperature and velocity profiles along the radial direction and modelled according to two dimensional CFD analysis results. In this study, a different and unique method was used to overcome the complexity of unsymmetrical three-dimensional reverse combustor. To achieve the complexity of threedimensional results, a different method was applied for three-dimensional combustor with having variable flow field and temperature profile along the z-direction. In this method, CFD result of three-dimensional combustor was converted to a single twodimensional plane by using the mass weighted averaged technique (Two and a Half Dimension Approach). Chemical reactor network model was created by the user adjustment with based on the converted results in a two-dimensional plane.
Emission prediction methods

FOCA helicopter emission determination
Since pollutant emission controls and regulations are completely focused on aircraft engines (turbojet and turbofans), there is not enough information about the helicopter engine (turboshafts) emission database and emission calculation method such as ICAO emission regulation formulations (ICAO, 2013) .
One of the most extensive studies for the helicopter engine emission is made by Federal Office of Civil Aviation (FOCA) for the Swiss civil aviation and presented a paper by the name of "Guidance on the Determination of Helicopter Emissions" (FOCA, 2009) . So, in this study, this guidance will be used as reference point for the comparison of emission prediction results.
The study is based on the results of the measurements as well as confidential helicopter engine manufacturer data for the mathematical functions for helicopter engine emission factor and fuel flow approximations. In this mathematical model, only the input of shaft horsepower (SHP) necessary as shown on below; 11 EICO g/kg 5660 SHP .
In this study, the above formulation is used as reference point for comparison of results. For three operation modes (idle, cruise, take-off) SHP values has been changed and applied.
Empirical and semi-empirical models
Empirical and semi-empirical models are in widespread use for simple and quick calculation of specific combustor type emissions. These models were constructed by using correlating experimental data in terms of the relevant parameters such as pressure (P3), temperature (T3), mass flow rate, fuel flow rate, etc. These models are mainly used for NOx and CO emissions. Lefebvre (1984) presented a correlation with based on several experimental data from several aero-engine combustors as shown in equation (3).
( )
The above equation takes account the heterogeneous fuel-air mixtures and stoichiometric flame temperature. This formulation is suitable for spray combustors such as the type of combustor in this study. Therefore, it is going to be used in the empirical calculation step in next chapters. Northern Research and Engineering Corporation has derived a general form of empirical correlation for the prediction of carbon monoxide emission by using only combustor inlet temperature and this formulation will be used at the empirical calculation step in next chapters (Odgers and Kretschmer, 1980) . .
Chemical reactor network
Chemical reactors are defined as a simple and ideal reactor that include many assumptions to reduce the complexity of combustion process in the combustion chamber. Chemical reactors use basic governing equations that do not involve complex physical phenomena's such as turbulence and convection and diffusion. It gives a quantitative description and provides useful information about the combustion process. The most of the used chemical reactor types are perfectly stirred reactor (PSR) and PFR for gas turbine combustion chamber and layout of the combustion process is created by combining these multiple reactors (Figure 1 (a) and (b)). The PSR is mainly described as a zero-dimensional and ideal reactor. The PSR represents the zones assumed to be the complete mixture within the combustion volume and can be used for the zones where the turbulence density and mixture level are high. (For example: mixing zone, primary zone and intermediate zone).
The PFRs is ideal and no time dependency like PSR reactor and can be considered as a hollow cylinder. This type of reactor is modelled with steady-state, inviscid, onedimensional flow assumptions. Thus, the flow characteristic inside the reactor volume changes axially with based on one-dimensional assumption.
The modelling of the combustion process by the combination of reactor networking is a useful way for such a complex system. This method is firstly implemented by Bragg (1953) who modelled a flame by using a PSR followed by a PFR). Alternatively, Swithenbank (1970) firstly describe zonal modelling for combustion by using empirical correlation parameters. In this study, zones were represented as PSR, PFR and MIX. (Turns, 2012) Figure 2 (a) conceptual model of gas-turbine combustor using a combination of PSR and PFR (Swithenbank, 1970) and (b) the CRN for evaluating NOx and CO emissions (Rubins and Pratt, 1991) Zonal modelling was used in gas turbines by Rubins and Pratt (1991) . As shown in Figure 2 , the reactor is divided into the zones corresponding to the flow patterns; the highly-mixed recirculation zone is represented by a WSR (PSR), the areas of jet penetration represented by MIX zones, and the PFRs are used downstream of the turbulent mixing regions.
Methodology
Geometry definition
The combustor model that used for computational study is a planar model of a reverse flow annular combustor. This planar combustor was re-designed from a real reverse flow annular combustor that is designed for a 1000 HP turboshaft engine of a helicopter. The 1/13 of real and planar combustor geometry have shown in Figure 3 . Figure 4 shows height, width and length parameters for the planar combustor. 
Computational fluid dynamic simulations
The non-premixed flame regime was used in this study. For non-premixed combustion; whether the flow is laminar or turbulent, in this regime the fuel and oxidiser enter the reaction zone separately. This kind of combustion is relatively stable, and safe because the contact between the fuel and oxidiser can be controlled; hence, these flames do not strictly exhibit propagation speeds like premixed flames and can rarely flashback or autoignite in undesired locations. For these reasons, non-premixed combustion is still applied widely in several of combustion devices. In this study, the eddy dissipation concept model accounts for turbulence-chemistry interactions using detailed chemistry mechanisms. The eddy dissipation concept model predicts the reaction rate using small turbulent structures.
The computational domain was created using ANSYS Mesh Generator software. The generated unstructured mesh has 55 million elements roughly. To maintain adequate processing time, the grid size must be kept to a realistic size while obtaining good resolution. 50 million mesh elements are a massive number for RANS simulation when the processing time is concerned. Because of that, the computational mesh elements number need to be reduced and to be converted to polyhedral mesh type and reduced to 10 million mesh elements. Figure 5 shows the mesh of computational domain in a different section of the combustion chamber. 
Operating conditions for three different regimes that are used in CFD and CRN analyses are summarised in Table 2 . These conditions were obtained from previous preliminary design studies which were conducted by TUSAS Engine Industry (TEI) and they will be used in experimental studies in future.
As shown in Figure 6 , velocity magnitude and streamlines can be seen on the centre plane of the combustion chamber. The flow profiles are seemed to be same for all three conditions with small differences. For all conditions, a swirling flow occurs under the air inlet area of the combustor. This can be caused an inefficient flow distribution through the liner holes. The highest air flow into the flame tube is occurring by the secondary jet holes where located on the outer liner casing so the velocity magnitude is highest at this holes. The area between the primary and secondary jet holes can be defined as a secondary zone of the combustion chamber. As shown in streamline results, a flow recirculation can be seen in the area between the downstream of the swirler flow and primary jet holes. In this region, fuel, fresh air and burned gases are mixing so, it can be defined as recirculation and primary zone. The area between the secondary zone and the outlet may be considered as the dilution zone. The high-velocity magnitude in the secondary jet holes causes to push the airflow up to downside of the combustor, so this yields a non-uniform flow in the dilution zone. On the other hand, the cooling holes along the liner perform as intended as shown in figures. The air leaving the cooling holes is moving closer to the liner wall and cooling to the liner surface. The high-temperature area is increasing as going from idle to take-off, as expected. As shown on the temperature counter figures, the film cooling effect reduces the gas temperature about 790-900 Kelvin at the liner surface. The combustion starts in the recirculation and primary zone and continues up to the secondary zone. Because of the rich mixture in the primary zone, the temperature value in primary zone is slightly low when compared with the secondary zone. The unburned hydrocarbons and carbon monoxide (CO) continues burning by the force of airflows which are incoming from primary and some parts of secondary air jet holes. In the dilution zone, the gas temperature drops about 1200 Kelvin by mixing with fresh and cold air coming from the secondary jet and cooling holes. Mass flow distributions through the film cooling and air jet holes on the inner and outer liners were obtained to be used as input in Chemical Rector Network model study at the next step. Thus, computational fluid dynamic simulation results provided us with a perspective to determine the combustion zones. The identified zones are shown in Figure 7 . The obtained zones were used to obtain combustion volume values for the computation of NO and CO emissions by empirical correlations method. 
Conversion of 3D numerical results into a 2D plane (2.5 D Approach)
CFD result of 3D combustor was converted to the two-dimensional plane by using mass weighted averaged technique and reactor network model was created based on these converted results in the 2D plane. The methodology of this study is described in Figure 8 . In the 3D to 2D operation, firstly, 2D slices were cut with equal intervals along the direction of z axis. 9 pieces of slice were taken along the spanwise direction. Slices were cut at the centre of cooling holes and jet holes. The computational nodes in each slice are also located at different coordinates since the mesh structure in each obtained slice is different. For this reason, the results in each obtained slice were placed into a newly generated and regular meshed surface by using inverse-distance interpolation method in TECPLOT software (2012) . Source zone is the slices taken from CFD results and target zone is the newly generated meshed zone as indicated in Figure 9 .
The algorithm of this method is described as follows. 
The expression of D in the above equation stands for the minimum distance between two zones and E is a constant. The exponent should be set between 2 and 5. The algorithm is speed-optimised for an exponent of 4, although in many cases, the interpolation looks better with an exponent of 3.5. The mass-weighted averaged of all the quantities such as temperature, density and velocity at the same nodes in each slice was computed and transferred to a one piece of 2D plane by using equation (7).
where k: slice number i, j: node number in destination zone.
By using the above equation , averaged values of temperature and velocity in each node was calculated in MATLAB. Since the distance in between of each slice is the same, density values at each point are used instead of mass. Figure 10 shows the average temperature contour in a 2D plane for take-off operation condition. The result shows that the area of combustion zones and hence the average temperatures are widened when compared to the previous CFD results. The reason for this change is the combustion zone differences along the spanwise direction in the combustion chamber. Therefore, this technique provides to take accounts of the combustion zone change in the spanwise direction instead of the only central plane combustion zone in the previous studies. In CFD solvers such as fluent, to create the reactor volumes and determining the mass flows between these volumes is very difficult and time-consuming process. In some studies, there are special algorithms which are embedded into solvers to create CRN model (Falcitelli et al., 2002a (Falcitelli et al., , 2002b .
In this study, a MATLAB-based algorithm has been developed to come up with this challenge and make it more practical. The algorithm uses the averaged results which obtained by 2.5D approach and the volume and mass flow information can be obtained in a simple and fast manner through the analysis result graphs with the help of the mouse cursor. Thus, it eases to determine the reactor volume and flow split data for CRN model construction.
The main purpose of this program is to obtain the volume and flow inputs required for the CHEMKIN program. Therefore, it is used as an auxiliary tool between Fluent and CHEMKIN in this study. The MATLAB program follows the work steps in Figure 11 . Temperature is the most important parameter for NOx formation. Thus, in this study, reactor modelling process is based on the temperature contour results. A schematic representation of reactor network modelling with based on temperature contour figure is shown in Figure 12 . In here, reactors are positioned for each averaged temperature scales. Reactor volumes that are created by the MATLAB algorithm are presented in Figure 13 . The reactor models in the CHEMKIN PRO program are powerful programs that enable you to quickly simulate a complex situation such as mixing, flow and combustion reaction in a combustion chamber. In this study, the reactor network model for the combustion chamber was created using the PSR and PFR elements and the inputs obtained from the MATLAB program in the program and the NO and CO emissions at the exit of the combustion chamber were calculated.
The reactor network model obtained by transferring the reactor areas determined in MATLAB Program to the CHEMKIN Pro program is shown in Figure 14 . The air and fuels entering from the swirler and the holes in the above figure appear to be modelled as Inlet, the last reactor as PFR and the remaining reactors as PSR. The reason for selecting the final reactor as PFR is that the air flow in that region is axial flow compared to the other regions.
The simulation was solved by assuming that the flow is in steady state, reactors are in atmospheric pressure and there is no heat transfer (adiabatic condition). For simulation, 159 species and 770 elements reduced n-heptane (C7H16) reaction mechanism was used [39] . Since there is no NO formation step in the mechanism, these steps were taken from GRI 3.0 methane (CH4) mechanism. In addition to the Zeldovich mechanism, N2O intermediate steps and Fenimore mechanisms are added. Coefficients are taken from the GRI 3.0 mechanism (Smith et al., 2015) .
The power levels are assumed as 15% for idle, 90% for the cruise and 100% for takeoff or hover operation conditions. The empirical calculations are made by using Eq. 3 for NOx emission and equation (4) for CO emission. The input parameters that are used in empirical calculations are presented in Table 3 . These values are obtained from CFD results and average values. The results show that NO emission increases as expected from idle to take-off operating condition by the increasing of combustion and inlet temperature and hence combustion area as shown in Figure 6 . On the other hand, CO emission tends to decrease in the same operation direction because of the increasing combustion efficiency. So, the model predictions for all conditions follow correct trends. As shown in Figures 16 and 18 , the differences in results of CO emission become higher when compared with NO results. CRN model gives very high CO emission value at the idle condition when compared with both FOCA approximation and empirical correlation. This may be related to the temperature based CRN model construction. The current model can be modified by introducing more reactors in the intermediate and dilution zones to account for quenching reactions which are known to have a significant impact on exhaust CO concentrations or different parameters must be considered in identifying reactor zones. On the other hand, the high differences in results at idle conditions decreases as going to take-off operating condition by regarding with empirical correlation. So, it can be said that CRN models are more reliable at take-off operating regime.
The correctness of CFD results, slices numbers in 2.5-dimension approach and used fuel mechanisms are also other factors that affect the emission prediction results. The improvements and verification of this factors can reduce the errors and provide more reliable results. 
Conclusion
The objective of this study was to develop a practical, universal and reliable methodology for predicting reverse flow annular combustor emissions by using three-dimensional computational fluid dynamic results. This methodology was desired to decrease the work load of CRN modelling for all type of combustors at the preliminary design stage. The methodology was required to capture the emission changes by varying in design changes and operation conditions. This thesis has led to the development of a tool that is a product of this methodology. By using this tool, it is possible to simplify the creation of CRN models from 3D CFD results.
The most important distinction of this work from other previous work is applying two-and-a-half-dimension technique at CRN modelling stage. By using this technique and developed tool, CRN models can be quickly created for a different type of combustors that have complex geometry. CRN model can process most complex chemical mechanism so it can provide emissions results more accurately and can be coupled with CFD tools.
The model presented in this thesis did not meet all the objectives but several important contributions about NOx and CO emissions modelling were made. However, the obtained result in this thesis was considered as reasonable acceptable when considering of exact emission estimating is difficult. The fuel mechanism that was used in this study does not contains NOx reaction step and it is derived from GRI 3.0 mechanism. Therefore, a newly generated n-heptane fuel mechanism that contain NOx steps, could give more reliable results for this study. On the other hand, the accuracy of this methodology is going to be verified by obtaining the experimental studies in future.
Consequently, this study has given the literature a new and unique methodology and a new tool that researchers can use for their future projects. The outputs of this work are open to improvements and can be used for a wide range of applications not only for gas turbines but also industrial burners and different type of combustors.
